Abstract --The microstructures of Tl(1223) and Pb-doped Bi(2223) silver tapes produced by the powder-in-tube (PIT) method have been examined by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and energy dispersive spectrometry (EDS). The Tl tapes annealed below the melting point exhibited fine grains and a high density of pores while tapes subjected to partial melting prior to solid state annealing were fully dense with large grains. However, these tapes also showed an increase in the size and density of impurity particles, particularly CaO and a Ba-Cu rich phase.
I. INTRODUCTION
Significant efforts have been directed towards the development of silver-sheathed high temperature superconductor tapes and wires for a variety of practical applications.. Due to the relatively poor mechanical properties of Y -based superconductors, more recent efforts have concentrated on wires and tapes of Bi-and TI-based superconductors. However, both the Bi-and T1-based superconductors are highly anisotropic, with highest critical currents along the a-6 planes. [1, 2] In addition, these superconductors suffer from weak coupling across grain boundaries which severely limits current flow in polycrystalline materials. [3, 4, 5, 6 ] Therefore, it is highly desirable to have well aligned grains whose a-6 planes lie parallel to the tape surface, i.e. parallel to the direction current flow. Another factor which may limit current flow is the presence of non-superconducting impurity phases and voids.
The presence of these defects may serve to limit current flow in two ways. Firstly, they may interfere with grain growth, offsetting efforts to achieve grain alignment or texture. Secondly, they may limit the critical current carried by a wire as a result of a decreased cross-sectional area of superconductor. Therefore it is also of significant benefit to minimize the volume fraction of these defects.
The TI( 1223) superconductor has a higher transition The T1 and Bi tapes were fabricated by a powder-in-fube technique which has been described in more de@ elsewhere. [lO,l1] In brief, powders of the appropriate superconducting phase were loaded into 6.35 mm outer diameter closed-end tubes and packed by vibration and ramming to increase the packing density. The loaded tubes were evacuated, sealed, and then drawn at ~1 5 % reduction per pass with an intermediate anneal at 260°C for 20 minutes every third pass to a diameter of 1.8 mm. The tubes were then rolled at =lo% reduction per pass to a final thickness of =450pm. The Tl(1223) tapes were annealed in oxygen according to two schedules. One set of tapes was annealed at 850°C for 36 hours while the other was heat treated at 895°C for 6 minutes to achieve partial melting and then held at 845°C for 2 hours. The Bi tape was first annealed at 890°C for one and a half hours to achieve partial melting followed by annealing at 840°C for 100 hours, both treatments in air.
Samples were prepared for SEM observation using standard metallographic techniques. Isopropyl alcohol was used for cleaning in between steps to avoid any possible reaction with water. In the SEM, backscattered electron imaging was used extensively for enhanced sensitivity to composition. Crosssectional samples were prepared for TEM by grinding flat the outer surface of the tape and then sandwiching the cleaned tape between A 1 2 0 3 using M-bond 610 epoxy. After 
I11 RESULTS AND DISCUSSION
The microstructure of the Tl( 1223) tape annealed at 850'C without partial melting is shown in the backscattered electron micrograph of Fig. 1 . The micrograph, which shows the interior of the tape, shows several different impurity phases, which appear dark gray or black, together with the Tl(1223) phase, which is gray, and silver particles, which are light. In addition, the tape has a high density of pores, which appear black, indicating incomplete sintering and densification. A higher temperature and/or longer annealing period is needed to eliminate the pores. The dominant impurity phases observed are CaO and a Ba-Cu rich phase. A lesser amount of a Ca-Cu phase was observed. Perhaps most significant is the small grain size and poor connectivity of the Tl(1223) grains. ( 1223) tape subjected to partial melting at 895°C for 6 minutes prior to sintering at 845°C for 2 hours.
Silver particles were intentionally added to the precursor powders in order to improve the mechanical properties of the tapes and to lower the melting point of Tl(1223) in order to promote grain growth. However, the role these silver additions play in the development of microstructure is somewhat ambiguous. Both superconducting and impurity phases were observed to be in contact with silver in each tape. SEM showed a higher proportion of Tl(1223) grains to have nucleated along the silver particles in the case of the samples annealed without partial melting. In addition, the Tl(1223) grains along these silver particles were much larger. For example, Fig. 3 is an SEM backscattered electron image collected from theT1 tape that had been annealed without In contrast, the Tl (1223) tape that had been subjected to partial melting by heating to 895°C prior to solid state sintering appeared to be fully dense with large, well-connected Tl(1223) grains, as shown in Fig. 2 . It seems likely that partial melting during the initial high temperature anneal allows liquid to fill void space and enhance sintering kinetics. However, a high fraction of CaO phase (black) and a Ba-Cu rich phase (dark gray) were also observed. In addition very small amount of CuO and a Ca-Cu rich phase were also observed. The impurity phases typically exist as discrete particles and are more or less uniformly distributed throughout the sample, including along the Ag interface. In addition, all of the impurity phases observed were found to be much larger than in the tape processed without partial melting. Thus, although the effect of partial melting appears to be beneficial in terms of increasing density and promoting the growth of large, connected Tl(1223) grains, there are Some Potential drawbacks related to the precipitation and growth of impurity phases. partial melting. In this micrograph, the light area is silver, the gray area is T1( 1223) and the dark areas are voids and impurity phases. It is clear from the micrograph that the gray Tl(1223) grains in contact with the silver are much larger than those in other areas. In addition, a high fraction of the Ag interface is in contact with Tl(1223) whereas only a small fraction is occupied by impurities. SimiIar effects are observed along the Ag interface of the sheath, although the Tl( 1223) layer is frequently very thin.
These results suggest that silver does promote the growth of Tl(1223) grains. However, silver may also prevent the coalescence and hence the connectivity of grains.
Furthermore, the random orientations and distribution of the Ag particles and their irregular shapes may render the alignment of grains impossible. For example, Fig. 4 is a TEM micrograph which shows a high angle grain boundary in the tape processed without partial melting. The a-6 planes of both grains are parallel to the surfaces of a silver particle. Although this feature may be suggestive of favorable nucleation on the Ag surface, it also results in a high angle grain boundary since it is likely that the angle between the two grains is defied by the angle between the two surfaces of the silver particle. Nevertheless, it is still unclear whether the Tl (1223) nucleates directly on the Ag surfaces. The tape subjected to partial melting exhibited a more random distribution of Tl ( 1223) grains and impurity phases along the Ag interfaces. In addition, as shown in the TEM micrograph of Fig. 5 , some Tl(1223) grains were found to orient randomly with respect to the Ag interface, although it is possible that this grain may have nucleated at some other point at which it was more highly aligned. Typically, for both Bi-and TI-based tapes, the Ag interface is not perfectly smooth, and HTS grains which appear to be aligned at one point can be misaligned with respect to the interface at another point. 
IV SUMMARY
The microstructures of Ag sheathed Tl(1223) tapes and Pbdoped Bi(2223) tapes have been investigated by SEM, TEM and EDS. The TI tapes sintered at 845°C for 36 hours contains pores and impurity phases within a matrix of finegrained Tl(1223) grains. Tapes subjected to partial melting at 895°C for 6 minutes followed by solid state sintering at 845°C showed significantly reduced porosity and a larger grain size. Silver additions tended to promote the growth of the T1( 1223) phase, presumably by lowering the melting point and providing favorable nucleation sites, but also made alignment of grains more difficult due to the random distribution and orientation of silver particles. Both superconducting and impurity phases form at silver which makes it difficult to minimize the amount of impurity phases. In contrast to the Bi(2223) tape, in which the superconducting grains are well aligned, the grains in TI tapes have irregular shapes and are randomly oriented.
